Abstract: The creation of micro-textured dental implant surfaces possessing a stimulating activity represents a challenge in implant dentistry; particularly, the formation of a thin, biologically active, calcium-phosphate layer on their surface could help to strengthen the bond to the surrounding bone. The aim of the present study was to characterize in terms of macrostructure, micro-topography and reactivity in simulated body fluid (SBF), the surface of titanium (Ti) implants blasted with TiO 2 particles, acid etched with hydrofluoric acid, and activated with Ca and Mg-containing nanoparticles. Sandblasted and acid-etched implants were analyzed by ESEM-EDX (environmental scanning electron microscope with energy dispersive X-ray system) to study the micromorphology of the surface and to perform elemental X-ray microanalysis (microchemical analyses) and element mapping. ESEM-EDX analyses were performed at time 0 and after a 28-day soaking period in SBF Hank's balanced salt solution (HBSS) following ISO 23317 (implants for surgery-in vitro evaluation for apatite-forming ability of implant materials). Microchemical analyses (weight % and atomic %) and element mapping were carried out to evaluate the relative element content, element distribution, and calcium/phosphorus (Ca/P) atomic ratio. Raman spectroscopy was used to assess the possible presence of impurities due to manufacturing and to investigate the phases formed upon HBSS soaking. Micro-morphological analyses showed a micro-textured, highly rough surface with microgrooves. Microchemical analyses showed compositional differences among the apical, middle, and distal thirds. The microRaman analyses of the as-received implant showed the presence of amorphous Ti oxide and traces of anatase, calcite, and a carbonaceous material derived from the decomposition of an organic component of lipidic nature (presumably used as lubricant). A uniform layer of Ca-poor calcium phosphates (CaPs) (Ca/P ratio <1.47) was observed after soaking in HBSS; the detection of the 961 cm − 1 Raman band confirms this finding. These implants showed a micro-textured surface supporting the formation of CaPs when immersed in SBF. These properties may likely favor bone anchorage and healing by stimulation of mineralizing cells.
INTRODUCTION
Successful implantation of titanium (Ti) implants is strongly affected by biological events occurring at the bone-implant interface. In order to improve osseointegration and to accelerate the initial healing processes, a challenge is to achieve the formation of new bone in direct contact with the implant surface at early post-implantation periods. Many investigations have demonstrated that the presence of calcium phosphate (CaP) covering the surface of Ti implants improved and accelerated their integration with bone tissue (Cao & Hench, 1996; Narayanan et al., 2008; Aniket et al., 2012; Alghamdi et al., 2013; Gil et al., 2014) .
Several physical and chemical methods have been used to put hydroxyapatite or CaPs onto metal surfaces, leading to bioactive fixation of the implant. Typically, physical techniques include plasma spraying deposition, physical vapor deposition, magnetron sputtering deposition, ion beam assisted deposition, pulsed laser deposition, and hot isostatic pressing. Chemical techniques include the sol-gel method, biomimetic processes, electrochemical deposition, micro-arc oxidation, and electrophoretic deposition (Aparicio et al., 2007; Ballo et al., 2011) .
The biomimetic process is a physicochemical method in which a biologically active CaP covering is formed on a substrate after soaking in an acellular protein-free supersaturated calcium and phosphate simulated body fluid (SBF) with ion concentrations nearly equal to those of the inorganic part of human blood plasma (Wen et al., 1997; Bigi et al., 2005; Lu & Leng, 2005; BS ISO 23317, 2007) . The deposition of apatite on Ti and Ti alloys depends on several factors such as composition of the Ti oxide layer, the presence of acidic or basic Ti-OH groups, and surface charge topography.
Technological research on endosseous Ti implants has been focused on the production of modified reactive surfaces able to rapidly nucleate biologically active CaP covering through treatments acting on the native oxide layer. Thermal treatment (heating) and/or exposure to alkaline or acidic solutions, such as sodium hydroxide (NaOH), hydrofluoric acid (HF), or other acids, can be used to transform the different Ti oxide phases (amorphous oxides, Ti oxide, Ti dioxide polymorphs, i.e. rutile, anatase and brookite, nonstoichiometric oxides) and/or to corrode the Ti surface by dissolution of the oxide layer. Ti surfaces with different reactivity and topography can be obtained.
The aim of the present investigation was macroscopic and microscopic characterization of the surface of Ti implants blasted with TiO 2 particles, acid-etched with HF, and activated with Ca and Mg-containing nanoparticles. Specifically, screw design and pitch, thread shape, morphological and compositional characteristics, and the surface reactivity, i.e. nucleation of CaP when immersed in SBF, were assessed.
MATERIALS AND METHODS

Implants
Sandblasted and acid-etched endosseous dental implants 5.5 × 11 mm (Universal II Cone Morse, Implacil De Bortoli, Sao Paulo, Brazil) were studied.
Environmental Scanning Electron Microscope with Energy Dispersive X-ray System (ESEM-EDX) Microanalyses
Surface microanalyses were performed using an ESEM (Zeiss EVO 50; Carl Zeiss, Oberkochen, Germany) connected to a secondary electron detector for energy dispersive X-ray spectroscopy (EDS; Oxford INCA 350 EDS, Abingdon, UK) using computer-controlled software (Inca Energy Version 18, Abingdon, UK; Gandolfi et al., 2011a Gandolfi et al., , 2013 . The samples were examined uncoated at low vacuum (100 Pascal), accelerating voltage of 20 kV, working distance 8.5 mm, 0.5 wt% detection level, 133 eV resolution, amplification time 100 μs, measuring time: 600 s for element mapping and 60 s for spectra.
EDX microchemical analysis (elemental X-ray microanalysis) was carried out at random in areas of ∼50 × 50 μm to evaluate the relative element content. The elemental microanalysis (weight % and atomic %) with ZAF correction method-a procedure in which corrections for atomic number effect (Z), absorption (A), and fluorescence (F) are calculated separately-was performed in full frame and spot mode to analyze entire areas or specific points, respectively. EDX element mapping was performed on the surface to detect the element distribution using a 512 × 384 pixel matrix, 30-40 frames, 100 μs dwelling time, and 600-700 μs total reading time.
EDX provides qualitative and semi-quantitative analysis of the elements.
Test in SBF
The International Standard ISO 23317 method (BS ISO 23317, 2007) was used to evaluate the formation of a layer rich in Ca and P (CaP covering) on the surface of the implants soaked in Hank's balanced salt solution (HBSS), which was used as SBF (Gandolfi et al., 2010 (Gandolfi et al., , 2011a (Gandolfi et al., , 2013 (BS ISO 23317, 2007) in 20 mL of HBSS at 37°C and uncoated surfaces were examined; surface microanalyses were performed by ESEM-EDX after a 28-day soaking period to assess the formation of CaPs. ESEM allowed visualization of the changes to the surface micro-and nano-morphology, and EDX measurements of atomic calcium and phosphorus percentages were used to calculate calcium/phosphorus atomic ratios. The Ca/P atomic ratio obtained from the outer surface of the samples was calculated and compared with the Ca/P ratio of apatitic and non-apatitic CaPs, namely Ca-poor apatite (Ca/P 1.5-1.67), Ca-poor non-apatitic CaPs (Ca/P ratio <1.47), Ca-rich (carbonated) apatite (Ca/P ratio 1.6-2.0) and Ca-rich non-apatitic CaPs (Ca/P 1.83) (Raynaud et al., 2002; Wang & Nanchollas, 2008) . The formation of calcium carbonate (CaCO 3 ) polymorphs (calcite and aragonite) was taken into account in the presence of very high Ca/P ratios (Gandolfi et al., 2011b) .
Raman Spectroscopy
Raman spectroscopy was used to assess the possible presence of impurities due to manufacturing and to investigate the phases formed upon HBSS soaking. To improve the detection of these components, a micro-Raman spectrometer was utilized. Micro-Raman spectra were obtained using a Jasco NRS-2000C instrument (Jasco Inc., Easton, MD, USA) connected to a microscope with 100× magnification and a 160 K frozen CCD detector (Spec-10: 100B, Roper Scientific Inc., Trenton, NJ, USA). The spectra were recorded in backscattering conditions with 1 cm − 1 spectral resolution using an objective lens of 100× magnification and a 532 nm Green Diode Pumped Solid State (DPSS) Laser Driver (RgBLase LLC, Fremont, CA, USA) with a power of about 5 mW. This instrument setup allowed a circular sampling area with a 1 μm diameter.
The chosen conditions prevented any sample transformation. Actually, when using a 100× magnification and laser power values higher than 5 mW the formation of Ti oxide as rutile polymorphic form was detected.
To obtain a good representation of the analyzed implants, at least 30 micro-Raman spectra were collected in different points of each sample.
The micro-Raman analysis was completed with FT-Raman characterization, which allowed the investigation of wider sample areas (the focused laser beam diameter was about 100 μm). FT-Raman spectra were recorded on a Bruker MultiRam FT-Raman spectrometer equipped with a cooled Ge-diode detector. The excitation source was a Nd . The reported spectra were recorded with a laser power at the sample of about 60 mW. No sample degradation upon laser irradiation under these conditions was observed.
RESULTS
As-Received Implants (Time 0)
ESEM-EDX Microanalyses Collar : ESEM-SE macromorphology of the upper portion of the prosthetic screw shows a four-sided polygonal profile with a microrough surface (Fig. 1a) . The spires appeared differentiated in thickness but not in depth, with increasing thickness from ∼20 to 200 μm going from the apical to the distal/neck portion. The entire body of the prosthetic screw and the surfaces of the spires showed a rough surface. At higher magnification, the surface of the neck/collar appeared machined and entirely streaked by parallel grooves and prominences having a peak-to-peak distance of about 10 μm (Figs. 1b, 1c) . The microstructure of the surface in the collar region was well evident at high resolution (Fig. 1d) . Flakes/ scales with sharp edges could be noticed. EDX microanalysis revealed carbon (C), oxygen (O), aluminum (Al), Ti (Ti), vanadium (V) and iron (Fe) (Fig. 1e) and their weight and atomic percent (Table 1a) , and EDX elemental mapping showed their distribution on the implant surface (Fig. 1f) . ESEM-BSE pictures showed the topography and 3D morphology of the pits/ porosities and coarseness/protrusions .
Body: In the middle portion of the implant body, reduction of the thread thickness from about 200 to 100 μm, going towards the apex, was evident ( Fig. 3a) . At high magnification, the micro and nano-irregularities of the surface were visible. The topography showed rounded peaks/ irregularities (Figs. 3b, 3c ). At even higher magnification, the details of the rough surface morphology could be distinguished and roughened coarseness (pits and flakes) spaced out with porosities and depressions were present (Fig. 3d) . Micropits on the Ti surface had sizes ranging from 0.5 to 2 μm in diameter. Nanoscale topographical changes of this surface compared with that of the collar region were evident. X-ray microprobe analysis revealed the presence of Ti (95.19 atomic % ) and C (4.81 atomic %) (Fig. 3e, Table 1b ). EDX elemental mapping showed the homogeneous distribution of the constitutive elements (Fig. 3f) . ESEM-BSE images displayed the surface roughness .
Apex (screw tip): Macrolevel analyses showed a hemispheric apex with thin lamellae spaced at ∼400 μm (Fig. 4a) . The surface was visibly coarse with rounded protruding irregularities; its structure at the nanolevel showed rounded pits and flakes (Figs. 4b-4d) . Nanomorphology of the apex and body portions was the same, while differences were observed in surface chemistry. EDX detected Ti (58.30 atomic %) and C (5.56 atomic %) but also O (15.13 atomic %), Al (3.05 atomic %), and traces of Fe (0.19 atomic %) (Fig. 4e, Table 1c ). Elemental mapping showed the distribution of the constituents (Fig. 4f) . ESEM-BSE pictures showed the surface coarseness and hollows (Figs. 2i-2n ). Figure 5a (top) shows some representative micro-Raman spectra recorded on the as-received implant.
Raman analyses
Pure metals do not have any Raman spectra; therefore, this technique was used to assess the possible presence of impurities other than pure metals, due to manufacturing. To improve the detection of such granules, the highest magnification available was used (i.e., 100× , which corresponds to a circular sampling area with a 1 μm diameter).
Most of the obtained spectra were similar to that reported in Figure 5a , trace a; this spectrum appeared dominated by the bands of the laser, although two broad bands at about 1,590 and 1,350 cm − 1 , assignable to the stretching vibrational modes of C-C bonds of inorganic nature (Tuinstra & Koenig, 1970) were detected. In some spectra, these C-C bands were superimposed to those at about 1,740 and 1,445 and 1,300 cm − 1 , ascribable to an organic component (Fig. 5a, trace 1d ). Some spectra appeared more similar to that reported in Figure 5a , trace b; this spectrum showed an ascending baseline in the wavenumber region between 800 and 400 cm − 1 . This spectral feature would suggest the presence of amorphous Ti oxide (Aggour et al., 2005) . This hypothesis is confirmed by the spectrum recorded at a laser power of 10 mW (Fig. 5a , trace c): the bands of rutile at 608 and 409 cm − 1 appeared, suggesting that amorphous Ti oxide transforms into a crystalline phase, in agreement with other authors (Kilpadi et al., 1998) .
Besides the broadening due to amorphous Ti oxide, some spectra (Fig. 5a , trace 1e) also showed a weak band at 138 cm − 1 , which could be ascribed to anatase (Ohsaka et al., 1978) . The weakness of this band suggests that traces of this phase should be present (or, in other words, its thickness is not enough to be detected by Raman spectroscopy).
Other spectra (Fig. 5a , trace f) showed the presence of calcium carbonate, mainly as calcite, as revealed by the bands at 1,088 and 713 cm − 1 (Martinez-Ramirez et al., 2003) .
Implants Soaked in HBSS (Time 28 days)
ESEM-EDX Microanalyses Collar: After 28 days in HBSS, the surface observed by ESEM in wet conditions appeared fairly different from that at t = 0 and the soaking in HBSS appeared to smooth out/level and soften the topography at a micrometer scale roughness. The parallel grooves were still visible, but the pits and flakes appeared smooth and less prominent (Figs. 6a-6c ). Scattered white deposits were found on the surface; at high resolution they appeared globular or composed by the aggregation of smaller spherulitic deposits (Fig. 6d) . EDX detected C, O, and Ti together with new elements as Na, Mg, P, Cl, and Ca (Fig.  6e , Table. 1d). No traces of V nor Fe were detected. The Ca/P atomic ratio calculated on the entire area was about 1.13. Element mapping showed the homogeneous distribution of the deposits, in particular the uniform coating of Ca and P (Fig.  6f) . ESEM-BSE analyses of the topography and 3D morphology showed the reduction and/or disappearance of pits and porosities and surface smoothening (Figs. 7a-7d) . Body: After soaking in HBSS the surface of the body also appeared less rough (Figs. 8a-8d) . The surface showed a mild/gentle roughness; peaks and irregularities seemed to be smoothed and softened. EDX revealed C, O, and Ti but also Al, Na, Mg, P, Cl, and Ca that were absent in fresh samples (Fig. 8e, Table 1e ). The Ca/P atomic ratio calculated on the entire area was about 1.27. Element mapping displayed the uniform presence of deposited Ca and P. No traces of V nor Fe were detected (Fig. 8f) . ESEM-BSE analyses showed smoothening of the surface with reduction of the micro-and nano-roughness through the over deposition of material (Figs. 7e-7h) .
Apex (tip): For the apical region (Fig. 9a) , soaking in HBSS changed the surface feature in terms of lesser roughness (Figs. 9b, 9c) , presence of deposits (Fig. 9d) , and surface chemistry (Figs. 9e-9f, Table 1f ). EDX showed C, O, Al, and Ti and also Na, Mg, P, Cl, and Ca that were absent in fresh samples (Fig. 9e, Table 1f ). No traces of Fe were detected. The Ca/P atomic ratio calculated for the entire area was ∼1.16. Element mapping displayed the distribution of the elements, in particular the homogeneous deposition of Ca and P (Fig. 9f) . ESEM-BSE analyses showed softening of the surface coarseness and reduction of the porosities, as in the body region (Figs. 7i-7n ). Figure 5b (bottom) shows some representative spectra recorded on the implant soaked in HBSS. As observed for the as-received sample, most spectra revealed the presence of C-C bonds of inorganic nature and were similar to that reported in Figure 5a , trace a.
Raman analyses
The spectrum reported in Figure 5b , trace a showed the bands of a long-range well ordered calcite phase, as revealed by the presence of the lattice band at 275 cm , observed only in the reported spectrum, is compatible with the presence of a CaP phase (Nelson et al., 1982; Taddei et al., 2000) .
DISCUSSION
Implants investigated in the present study showed a sandblasted surface, etched with HF and activated with Ca and Mg nanoparticles (Iezzi et al., 2012; Gehrke et al., 2013; Piattelli et al., 2014) . Both blasting and acidic treatments were likely performed to modify the surface and obtain a tailored micro-/nano-scale roughness to improve osteoblastic behavior and osseointegration (Guo et al., 2007; Khang et al., 2008; Kubo et al., 2009; Tsukimura et al., 2011) .
Blasting is a technique that leads to the creation of a porous layer on the implant surface achieved through collision with microscopic blasting particles, such as Ca, Fe, Mg, P, quartz (Si), V, and others (Hubbs et al., 2001 ), shot at the surface. Debris and blasting residuals of the collided particles are often found on the blasted surfaces in SEM observations (Massaro et al., 2002; Kang et al., 2009 ) and in surface chemistry analysis (Massaro et al., 2002) . In the present study, potential blasting residuals were found in the collar and apex regions, but not in the body of the implant of the fresh surfaces.
Etching treatments with HF-containing solutions (HF) were used as roughening procedures to form a porous layer on the surface. When Ti was exposed to HF solutions, fluoride (F − ) from the dissociated HF reacted with the oxide of the TiO 2 layer that rapidly dissolved and then penetrated through the Ti lattice defects. Therefore, in the TiO 2 -HF-H 2 O system, Ti was rapidly attacked and underwent corrosion and erosion. Ti fluorides such as soluble Ti trifluoride (TiF 3 ), Ti tetrafluoride (TiF 4 ) (Straumanis & Chen, 1951) , and Ti oxyfluoride (TiOF 2 ) (Busalev et al., 1962) were formed. In the present study, high-resolution ESEM observations in both the body and apex regions showed a nanolevel surface topography with micro-and nano-rounded coarseness (flakes and micropits) spaced out with porosities and depressions consistent with the acid treatment. Differently, the neck/collar appeared machined and entirely streaked by parallel grooves and prominences, with flakes/scales with sharp edges indicating a lack of the corrosive acidic treatment in that area. No traces of F were detected by microanalysis on the implant surface, likely due to short HF treatment and/or low concentrations of solutions, in agreement with a previous study (Lamolle et al., 2009a (Lamolle et al., , 2009b . No Ti fluorides were detected by Raman spectroscopy. The surface nano-featuring of endosseous Ti implants is clinically relevant. Studies revealed the potential of nano-featured Ti surfaces in inducing cell-specific affinity, e.g. selective attractiveness for osteogenic cells, but not fibroblasts (Masaki et al., 2005; Variola et al., 2008; Biggs et al., 2009 Biggs et al., , 2010 Kubo et al., 2009; Hori et al., 2010) and that the increased surface topography of Ti implants improved the bone-to-implant contact and mechanical properties of the enhanced interface (Cooper, 2000) and the osseointegration of the implant (Le Guèhennec et al., 2007) . Interestingly, in the present investigation, notable differences among the collar-body-apex of the fresh implant were found in both the micromorphological ESEM results and in the microchemical EDX data. In addition to Ti, microanalysis revealed amounts of C, O, Al, and traces of V and Fe in the collar of fresh Ti implants while only C was noticed in the body and C, O, Al, and traces of Fe in the apex.
Ti alloys are preferred to pure Ti due to their better mechanical properties and corrosion resistance. Alloying elements are mainly alpha-stabilizers such as Al, O, N, C or beta-stabilizers such as Mo, V, Fe, Si, H (Liu et al., 2004) . Carbon in Ti implants could also be a remnant or a surface contaminant from the manufacturing (i.e., from lubricants) or sterilization process (plastic packaging or supercritical carbon dioxide-based sterilization).
The detection of oxygen together with Al, V, and Fe in EDX analysis allowed speculation concerning the presence of oxides or hydroxides of these elements. Raman spectroscopy allowed exclusion of this possibility and suggested that Fe, Al, and V should be present as pure metal or alloying elements. On the other hand, the spectroscopy analysis showed the presence of amorphous Ti oxide/anatase phases, which account for the detection of oxygen in the EDX analysis.
Granules of calcite were detected by micro-Raman spectroscopy; the presence of this phase could be justified by considering that the particles used for sand blasting contained Ca (probably as calcium oxide which spontaneously reacts with carbon dioxide, producing calcium carbonate).
Most spectra recorded on the as-received implant showed the presence of bands at about 1,590 and 1,350 cm − 1 assignable to the vibrational modes of C-C bonds of inorganic nature. These bands may be ascribed to C-C bonds present in the alloy (Racine et al., 2001 ), but it cannot be excluded that they are assignable to a charcoal component produced during manufacturing upon decomposition of the organic component of fat detected on the surface of the implant. Detection of the 1,590 and 1,350 cm − 1 bands due to laser heating can be excluded since they were also observed at a laser power as low as 0.5 mW.
The latter interpretation was confirmed by the analysis of "control" Ti plates analyzed before the sand blasting treatment; no bands at 1,590 and 1,350 cm − 1 were detected either in the FT-Raman or in the micro-Raman spectra. The latter revealed the presence of the same organic components detected in the micro-Raman spectra of the implants under study (spectra not shown). Actually, the micro-Raman spectra reported here showed that manufacturing appeared to decompose most of the organic component, although some residuals were detected. The conspicuous presence of C-C bonds of inorganic nature was confirmed by the detection of their marker bands, also by FT-Raman spectroscopy (Figs. 5a, 5b, insets) .
After 28 days of soaking in HBSS, the surface morphology and the microcompositional data differed widely from that detected on the virgin surface. The HBSS was a saline water solution supersaturated towards apatite having a physiologicallike pH (pH 7.4). The present study demonstrated the ability of the tested implants to nucleate CaPs on their surface. For reactions occurring at the Ti surface, it is well known that a passively protecting Ti oxide layer/coating forms on Ti and Ti-alloy surface when exposed to the air (atmospheric oxygen O 2 ) and water. This Ti oxide layer protects the metal against corrosion (Textor et al., 2011) . In an aqueous electrolyte, such as body fluid or saliva, the TiO 2 molecule on the Ti surface becomes a dipole with positive Ti + and negative O − sites. TiO 2 reacts with water and titanol groups (Ti-OH) form. Ti-OH groups exhibit/possess both acid and base or alkaline (amphoteric) properties depending on the pH of the surrounding solution: negative charges [TiO] − and positive charges [TiOH 2 ] + form in basic and acidic water solutions, respectively. In the present study, we speculate that when immersed in SBF, Ti oxide rapidly hydrates and Ti-OH groups form. As HBSS has a pH of 7.4, both acidic or basic Ti-OH groups (and therefore negatively and positively charged sites) coexist on the Ti surface. Hydroxyl groups exposed on the surface, although not revealed by Raman spectroscopy, probably due to the prevalently amorphous nature of Ti oxide, are responsible for the surface activity and are involved in nucleation of CaPs in serum-like environments. possible to speculate that positive calcium and negative phosphate charges soon neutralize, consequently the CaP covering cannot grow into a thick layer in a short time. Actually, in the present study a thin film of CaPs uniformly covered the surface after 28 days in HBSS through the defined biomimetic coating process in SBF. Neither calcium titanate nor Ti phosphates were detected by Raman spectroscopy. The thinness of the CaP deposit was also demonstrated by this technique. In fact, only one micro-Raman spectrum recorded on the surface of the soaked implant showed the band at 961 cm − 1 , due to the phosphate vibrational mode of CaP (Fig. 5b, trace b) . Moreover, this band was not detected in the FT-Raman spectrum of the same sample (Fig. 5b, inset) .
Our EDX data of the surface provided Ca/P ratios ranging from ∼1.13 to 1.27, values consistent with the presence of amorphous CaPs (Ca/P 1.2-2.2), dicalcium phosphate (Ca/ P~1), tricalcium phosphate (Ca/P 1.33-1.5) and octacalcium phosphate (Ca/P 1.23). It is well known that the in vitro and in vivo precipitation of CaPs do not directly boost the growth of an apatite structure, but involves the initial formation of (amorphous) metastable CaPs that are precursors of apatite (Eanes et al., 1965; Takadama et al., 2001a , Wopenka & Pasteris, 2005 , which gradually transform to bone-like apatite (Takadama et al., 2001a (Takadama et al., , 2001b Gandolfi et al., 2011b) .
The ability to nucleate CaP on Ti surfaces through the formation of titanol Ti-OH groups, has been demonstrated for Ti surfaces (Hanawa et al., 1997) . Several studies demonstrated that Ca 2+ is the first ion adsorbed by Ti surface when CaP forms (Tanahashi & Matsuda, 1997; Yang et al., 1999) and interestingly various Ti oxide phases with different types and density of hydroxyl groups showed different abilities in nucleating CaP deposition. As an example, anatase is speculated to have a higher ability to form apatite than rutile due to the higher acidity and the larger number of hydroxyl groups (Svetina et al., 2001) .
It is clinically important to know whether a Ti surface of endosseous implants can be spontaneously coated by a film of CaPs through a biomimetic process when in contact with biofluids, owing to its intrinsic chemical-physical properties interlinked with its chemical composition and surface treatments. The rapid nucleation and layering of CaPs could be clinically responsible for improved bone formation and bone-implant integration. The adsorption of calcium and phosphate ions on the oxide layer creates nucleation sites for the formation and then growth of bone apatite-like crystals (carbonate hydroxyapatite) at the bone-implant interface. The bone apatite-like layer serves as a template for cell migration, differentiation, and bone growth at the implanttissue interface, enhancing bone fixation and minimizing micromovements (Hench & Wilson, 1984) . Thus, the oxide layer plays a key role in enhancing bioactivity and osseointegration of Ti or Ti-alloy implants.
In addition, the surface charge caused by TiO 2 /H 2 O reaction affects the adsorption of proteins and other charged macromolecules. Adsorbed proteins are essential for cell attachment to biomaterial surfaces (Degasne et al., 1999) . Evaluation of the apatite-forming ability on implant materials in SBF is useful for preliminary evaluation of the biointeractivity (ability to exchange information with a biological system) and bioactivity (having an effect and cause a positive reaction in the host tissues), and to predict their in vivo bone-bonding ability (BS ISO 23317, 2007) .
A bioactive surface stimulates cell attachment, differentiation and bone matrix synthesis (Muzzarelli et al., 1997) leading to an increased bone-implant contact in a shorter time, accelerating the process of bone implant contact formation, and providing the implant with increasing secondary stability at the earliest stages of healing.
It has been demonstrated that the addition of a hydroxyapatite coating to microroughened Ti accelerated and enhanced the level of bone-implant integration by increasing the osteoconductivity and inhibiting the soft tissue infiltration (Yamada et al., 2012) .
CONCLUSION
In conclusion, the present micro-textured surface supported the formation of CaPs when immersed in SBF. These properties may likely favor bone anchorage and healing by biostimulation of mineralizing cells.
